Intraperitoneal injection into mice of approximately 8 X 106 washed cells of Escherichia coli suspended in a lysate of washed human red blood cells or an aqueous solution of crystalline hemoglobin was lethal. E. coli suspended in washed intact erythrocytes, whole blood, plasma, or saline was innocuous. Fractionation of nonhemoglobin proteins from hemoglobin in lysates showed that only hemoglobin promoted a lethal infection. Overwhelming intraperitoneal growth of E. coli was attained in about 12 hr in lethal infections. The polymorphonuclear leukocytic response was ineffective against this rapid growth. The lethal mechanism is hypothesized to center on a unique role for free hemoglobin in inhibiting peritoneal absorption and stimulating an intraperitoneal exudate which supports luxuriant bacterial growth. Death is attributed to a lethal intoxication from bacterial endotoxins. This role for hemoglobin involves neither enhanced bacterial virulence nor lowered host resistance, and it would be of importance not only in peritonitis but also in problems where hemolysis and infection coexist.
A hitherto unsuspected role for hemoglobin in promoting bacterial infections is emerging from studies of experimental bacterial peritonitis (9, 10, 17, 18) . In 1961, Davis and Yull (7) postulated that a specific synergism occurred in mixtures of Escherichia coli and red blood cells which were lethal when injected intraperitoneally into healthy animals, whereas neither the bacteria nor blood alone were lethal. They established that the synergism occurred in mixtures containing 108 bacteria per ml and 4 g of hemoglobin per 100 ml and suggested that the mixture influenced host resistance (22) . As the concentration of hemoglobin was decreased, the mortality of test animals diminished, and death did not occur in its absence. Crystalline hemoglobin was equally effective in the synergism; derivatives of the hemin moiety of the molecule had lesser effect; the globin moiety and lipids of red cells were without effect (8) .
Initially, we viewed this synergism in relationship to our previous investigations of bacteria and clostridial exotoxins in the lethality of strangulation fluids. We demonstrated that sterile, nonlethal ultrafiltrates of strangulation fluids from humans, dogs, and rats killed healthy mice with fewer E. coli than was possible with saline suspensions of the same organism (4). We called the synergistic phenomenon enhanced bacterial virulence, a term which focuses attention primarily on the role of bacteria in the suspensions without immediately requiring identification of any virulence-enhancing factor or its mode of action. Injection of E. coli suspended in whole blood or washed red cells was harmless, but when hemoglobin was released from red blood cells, it could serve as a bacterial virulence-enhancing factor at concentrations greater than 2 g per 100 ml (3). Virulence was occasionally demonstrated at concentrations as low as 0.2 g per 100 ml, but not at 0.07 g per 100 ml. In addition, enhanced virulence was demonstrated with six strains of E. coli, with Proteus species, and with Pseudomonas aeruginosa, but not with bacteroides. This report confirms our previous finding that hemoglobin released from red cells enhances bacterial virulence but that hemoglobin within the intact red cell does not. This study also demonstrates that nonhemoglobin proteins within the red cells are innocuous and correlates the lethal outcome for mice with intraperitoneal bacterial multiplication.
MATERIALS AND METHODS
Citrated whole blood (480 ml of human blood plus 120 ml of citric acid, trisodium citrate, dextrose solution, formula B), rejected by the blood bank, was processed so that the following fractions were available for use as a diluent in preparing suspensions of E. coli: (i) whole blood, (ii) plasma (obtained following centrifugation of blood), (iii) red blood cells (washed three times with saline solution), and (iv) lysed red cells (obtained when washed cells were resuspended in BORNSIDE, BOUIS, AND COHN distilled water, frozen, and thawed; the stromal fraction was not removed). All (Fig. 1) . In whole blood suspensions, these changes were gradual, but they occurred rapidly in plasma and washed erythrocytes. Control suspensions of E. coli in saline were continuously destroyed, but the phagocytic response was not different from that in the other nonlethal suspensions ( Fig. 2A) . In contrast, E. coli suspended in lysates of washed erythrocytes and in an aqueous solution of crystalline hemoglobin grew rapidly in the mouse peritoneal cavity and attained maximal numbers of bacteria in about 12 hr (Fig. 2B, C) . The polymorphonuclear leukocytic response, however, was similar to that in the nonlethal systems. The lysate also supported luxuriant growth in vitro, but the hemoglobin solution did not.
DIscussIoN
These results confirm the previously described requirement for free hemoglobin (3) and demonstrate that the hemoglobin in lysates of washed erythocytes is involved in virulence enhancement but that nonhemoglobin proteins are not. Overwhelming intraperitoneal growth of E. coli occurs in aqueous hemoglobin and in lysates of washed erythrocytes, and injected mice die. The lysate supports the in vitro growth of E. coli because of nonhemoglobin constituents of erythrocytes, since aqueous pure hemoglobin is bactericidal (Fig.  2B, C) . Accordingly, it may be hypothesized that intraperitoneal growth of E. coli occurs at the expense of nutrients whose accumulation in the peritoneal cavity is dependent on the presence of free hemoglobin. This was not the case when E. coli was suspended in whole blood, plasma, washed erythrocytes, or saline.
The ability of mice to resist infection and survive was directly related to the influx of phagocytic polymorphonuclear leukocytes into the peritoneal cavity ( Fig. 1 and 2A) . Similar relationships have been reported by Cohn (6) in studies of intraperitoneal infection with staphylococci. However, the polymorphonuclear responses to E. coli suspended in lysate or in hemoglobin were ineffective against overwhelming intraperitoneal multiplication by the microorganism.
Although we have described the end result of the activity of E. coli suspended in hemoglobin solution as enhanced bacterial virulence, altered bacterial virulence may not be involved. A wide variety of substances are known to potentiate intraperitoneal invasiveness of bacteria. These include endotoxins (1); bile (4); polysaccharides, proteins, and gastric mucin (15) ; whole bacterial cells, bacterial cell wall preparations, and cellular constituents (16) . Adjuvants, such as gastric mucin, are known to aid production of lethal intraperitoneal infections by coating bacteria and protecting them from peritoneal phagocytosis (15) . We have presented evidence that bacteria multiply rapidly intraperitoneally in the presence of hemoglobin, but we do not know if the role of hemoglobin is that of an adjuvant. In recent studies with rats and dogs, Filler and Sleeman reported that hemoglobin inhibits peritoneal clearance and destruction of bacteria by defense mechanisms of the hosts and that depressed peritoneal absorption is correlated with lethality (9, 18) . Peritoneal exudation during the specific inhibition of peritoneal absorption by solutions of hemoglobin is unknown and remains to be studied. The role of absorbed hemoglobin in lowering host resistance to intraperitoneal bacterial infection also requires study.
The antibacterial properties of blood reside in a variety of important serum and cellular constituents (2) . Those of hemoglobin are attributed to both the porphyrin (20, 23) and globulin (14, 21) moieties of the molecule. Nevertheless, when the numbers of E. coli used in these studies were suspended in whole blood, plasma, and washed erythrocytes and were incubated in vitro, the inoculum was able to divide several times. Thus, the intraperitoneal decline of viable bacteria occurred despite the ability of these substances to promote growth in vitro. The saline suspensions of E. coli did not multiply in vitro, and their continuous decline intraperitoneally reflects the ability of the mouse to overcome infection. It is possible that the lesser bacterial decline (Fig. IA,  C) indicates some intraperitoneal multiplication in addition to in vivo destruction.
The postulated specific inhibition of peritoneal absorption by hemoglobin (9, 18) , along with the hypothesized production of an exudate promoting luxuriant bacterial growth, could facilitate intraperitoneal growth, opposed only by inadequate local defense mechanisms, so that numbers of bacteria capable of overwhelming the host with a lethal intoxication due to bacterial endotoxins would be reached (11) . This mechanism would necessitate neither enhanced bacterial virulence nor lowered host resistance. In addition, unabsorbed hemoglobin might also contribute to intraperitoneal bacterial growth by virtue of its classical function in oxygen transport (19) , as well as by supplying iron which stimulates bacterial growth and inhibits nonspecific antibacterial systems in serum (5) . A role for hemoglobin in enhancing bacterial growth in vivo and hastening death is of importance not only in peritonitis but also in problems where hemolysis and infection coexist.
